Abstract Evidence suggests that testicular cancer (TC) and its treatment are associated with cognitive impairment. However, the underlying neural substrate and biological mechanisms are poorly understood. This study aimed to investigate changes in cognition and brain grey matter (GM) morphology in TC patients undergoing treatment, and to explore associations with immune markers, endocrine markers, and genotype. Sixty-five patients with stage I-III TC underwent assessment after surgery but prior to further treatment and again 6 months after. Twenty-two patients received chemotherapy (+CT), while 43 did not (−CT). Assessments included neuropsychological testing, whole-brain magnetic resonance imaging, and blood samples. Twenty-five healthy controls (HCs) underwent neuropsychological testing with a matching time interval. A regression-based approach was used to determine cognitive changes and longitudinal voxel-based morphometry (VBM) was performed to investigate changes in GM density in the TC groups. Compared with the HCs, both TC groups showed higher rates of cognitive decline (p < 0.05). A trend towards greater decline was observed in + CT (63.6 %) compared with -CT patients (39.5 %) (p = 0.07). VBM revealed widespread GM reductions in both TC groups, but a group-bytime interaction analysis revealed prefrontal reductions specific to the + CT group (p = 0.02), which were associated with poorer cognitive performance. Poorer cognitive performance was also associated with an increase in tumor necrosis factor alpha in + CT patients. Furthermore, an interaction effect was found between the APOE ε4 genotype and chemotherapy on cognitive performance with ε4 carriers performing significantly worse. These findings provide novel evidence of changes in cognition and brain morphology in TC patients undergoing treatment.
Introduction
Cancer-related cognitive impairment (CRCI) has gained increasing attention in recent years, and while research in high incidence cancer populations (i.e. breast cancer) has been steadily increasing, there are only a few studies investigating CRCI in the context of testicular cancer (TC). In western countries, TC is the most frequent type of cancer in men aged 15-34 (Trabert et al. 2014) with the highest prevalence found in Norway and Denmark (Dahl and Brydøy 2012; Groll et al. 2007) . Treatment with the combined cytostatic regimens of bleomycin, etoposide, and cisplatin (platinum) (BEP) has dramatically reduced the mortality rate with current cure rates reaching well above 95 % (Dahl and Brydøy 2012) . The young average age of TC patients, in combination with a favorable prognostic outlook, has led the majority of TC patients to return to normal life and work activities following successful treatment. Cisplatin-based chemotherapy, however, has well-known neurotoxic side effects such as peripheral sensory neuropathy and ototoxicity, which may persist several years post-treatment (Dahl and Brydøy 2012) . Furthermore, elevated concentrations of plasma platinum have been observed in TC survivors more than 10 years post-treatment (Gietema et al. 2000) . Although the exact underlying pathophysiology of platinum neurotoxicity is unclear, DNA damage, inflammation, alterations in cellular system repair, changes in mitochondria function, and apoptotic cell death are some of the proposed mechanisms involved (Carozzi et al. 2014; Li et al. 2015) . So far, it has been assumed that cisplatin does not permeate the blood-brain-barrier (BBB) and thus the neurotoxic effects of BEP in the brain were considered to be minimal (Gregg et al. 1992 ). However, recent evidence suggests that cisplatin is in fact able to cross the BBB (Eiseman et al. 2014) , and although the amount crossing may be small, neural populations including progenitor cells, oligodendrocytes, and hippocampal neurons are exceptionally vulnerable to even small concentrations with possible adverse effects on cognition (Andres et al. 2014; Dietrich et al. 2006; Gong et al. 2011; Rzeski et al. 2004) .
The few available studies investigating the effects of BEP chemotherapy on neuropsychologically-assessed cognitive functions in TC populations have yielded mixed results (Pedersen et al. 2009; Schagen et al. 2008; Skaali et al. 2011; Wefel et al. 2014) . It should be noted that in these studies, surgery-only TC patients were used as the only comparison group; however, recent findings suggest that a high proportion of these patients may also show signs of cognitive impairment (Amidi et al. 2015a, b; Wefel et al. 2011b) , and may thus not serve as an adequate comparison condition. Cognitive impairment prior to the receipt of chemotherapy has also been observed in other cancer populations (e.g. Lange et al. 2014) , and although the exact underlying pathophysiological mechanisms are still unknown, both endocrine and inflammatory pathways have been proposed as potential mediators (Janelsins et al. 2014 ). In our own previous work, we found that elevated cortisol levels were a predictor of pre-chemotherapy cognitive impairment (Amidi et al. 2015a) . These findings highlight the need for including a healthy control (HC) group when investigating changes in cognitive functions in TC patients.
Findings from recent studies using magnetic resonance imaging (MRI) to examine the neural substrate underlying CRCI have revealed morphological changes in several brain regions associated with the receipt of chemotherapy (Kesler et al. 2013 ; Lepage et al. 2014; McDonald et al. 2010) . For example, McDonald et al. (2010) showed reductions in grey matter (GM) density in breast cancer patients from pre-adjuvant chemotherapy to 1 month post-chemotherapy in bilateral frontal, temporal, and cerebellar regions, with some recovery by 1 year post-chemotherapy. Moreover, reductions in GM in cancer patients have been found to be negatively associated with cognitive functioning, including attention, learning, and memory Inagaki et al. 2007) . Although most of the neuroimaging studies have been undertaken in breast cancer populations in which cisplatin-based chemotherapy is usually not administered, a recent cross-sectional study of long-term TC survivors investigated the effects of BEP chemotherapy on brain structural properties and found no indications of reduced GM volumes in TC survivors who had received BEP compared with those who had not. Interestingly, a difference in white matter microstructure was observed in the former group indicating higher radial kurtosis across widespread white matter areas in the brain (Stouten-Kemperman et al. 2015) . In contrast, another recent cross-sectional study reported differences in GM density between small-cell lung cancer patients receiving platinum-based chemotherapy (including cisplatin) compared with non-small-cell lung cancer patients who did not receive such treatment (Simó et al. 2015) . Specifically, reduced brain GM density was observed in the insula and the parahippocampal gyrus bilaterally, and in the left anterior cingulate cortex. To the best of our knowledge, the detrimental effects of BEP chemotherapy on brain morphology in TC patients are yet to be determined in a prospective study.
The role of various biomarkers in CRCI has been increasingly explored. For example, chemotherapy-related neurotoxicity may be caused indirectly through pro-inflammatory pathways via cytokine-mediated interactions between neurons and glia (Wilson et al. 2002) . Cytokines mediate cellular mechanisms subserving cognition through cholinergic and dopaminergic pathways (Wilson et al. 2002) . Circulating peripheral cytokines may induce brain cytokines synthesis by neuron and glial cells (Buller 2001) . It has also been documented that cytokines may readily enter the CNS through active transport mechanisms (Osburg et al. 2002) or directly through a less stringent BBB in circumventricular regions (Buller 2001; Maier and Watkins 2003) . Furthermore, the binding of cytokines to endothelial receptors may lead to impairment of BBB integrity (Wilson et al. 2002) , potentially resulting in greater permeability of chemotherapeutic regimens into the CNS. There is evidence from research in breast cancer populations showing associations between proinflammatory cytokines, i.e., tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-6), and both impaired cognitive functioning and morphological changes in specific brain regions (Kesler et al. 2013) . Furthermore, the surrogate marker for TNFα, soluble TNF receptor type II (sTNF-RII) has been longitudinally associated with self-reported cognitive impairment as well as with changes in cerebral metabolism in breast cancer patients undergoing chemotherapy (Ganz et al. 2013 ). In addition, various proinflammatory cytokines, including TNFα, are reported to induce synthesis of C-reactive protein (CRP) (Sheldon et al. 1993) , another biomarker associated with cognitive impairment (Roberts et al. 2009 ). Cortisol may be yet another biomarker of potential relevance to CRCI. Chronic stress may result in over-activation of the hypothalamic-pituitary-adrenal (HPA) axis causing elevations in glucocorticoid production, including cortisol. It is relatively well-established that increased cortisol levels may be associated with impaired cognition (Lee et al. 2007 ). Because cortisol secretion may be altered in cancer patients (Touitou et al. 1996) , such alterations likely play a role in CRCI. Indeed, in a previous publication, we reported results indicating poorer cognitive performance to be related to higher cortisol levels in newly orchiectomized TC patients prior to systemic treatment (Amidi et al. 2015a) . With respect to possible genetic vulnerability factors, a possible candidate could be the ε4 allele of the Apolipoprotein E (APOE ε4), which is a well-established genetic risk factor for Alzheimer's disease (Lambert et al. 2013 ) and has been associated with cognitive dysfunction in both non-pathological and pathological conditions including the early phases of Alzheimer's disease (Reinvang et al. 2013) . There is evidence from cancer populations (i.e., breast cancer, lymphoma cancer) suggesting that carriers of the ε4 allele are at increased risk of post-treatment cognitive impairment (Ahles et al. 2003 . The possible moderating role of APOE ε4 in chemotherapy-induced cognitive impairment is thought to be related to its role in neuronal repair and plasticity (Ahles and Saykin 2007) .
Most of the above-mentioned biomarkers have primarily been explored in relation to CRCI in breast cancer populations, and so far, little work has been done in men with TC. The primary aims of the present study were thus: 1) to prospectively compare cognitive functioning in TC patients receiving surgery ± BEP chemotherapy and a HC group; 2) to compare possible morphological changes in brain GM between patients treated with and without BEP chemotherapy; 3) to examine associations between potential GM reductions and cognitive performance; and finally 4) to explore the role of immune, endocrine, and inflammatory markers, and the APOE genotype, in relation to CRCI.
Participants
From June 2012 to December 2013, recently orchiectomized TC patients were consecutively recruited at the Department of Oncology, Aarhus University Hospital, based on the following exclusion criteria: age < 18 years; time since orchiectomy > 30 days; previous cancer and central nervous system diseases; brain metastases; known mental disorders; inability to read and understand Danish, and any contraindications for MRI.
HC participants with no known confounding illnesses were recruited by means of advertisements in the local community. Informed consent was obtained from all participants upon enrollment. The regional scientific ethical committee approved the study and data were handled according to Danish Data Protection Agency guidelines.
Methods
Patients consisted of a surgery group that did not receive chemotherapy (−CT), and a chemotherapy group that, in addition to surgery, received 3 or 4 cycles of BEP chemotherapy (+CT). All patients were scheduled for two assessments: after orchiectomy, but before further treatment (baseline), and approximately 6-months later (follow-up). Assessments included neuropsychological testing, a structural MRI scan, a blood draw, and a questionnaire package. Participants in the HC group, matched on age and premorbid intellectual functioning with the + CT group, were scheduled for two assessments with a similar interval, but without MRI and blood draw.
Demographic and clinical data
Data for the demographic and clinical variables presented in Table 1 , were extracted from medical records and questionnaires. Group differences were tested with ANOVAs and Kruskal-Wallis tests for continuous variables and Chi-square tests for categorical variables.
Neuropsychological assessment
An approximately 1.5 hour long neuropsychological test battery was used for the measurement of cognitive functioning consisting of eight standardized tests yielding 11 outcomes assessing reaction time (MOART Reaction Time Panel, Lafayette, Indiana), attention and working memory (Wechsler 2008; Wiens et al. 1997) , processing speed (Reitan 1958; Wechsler 2008) , auditory learning and memory (Schmidt 1996) , verbal fluency (Benton and Hamsher 1989) , and executive functions (Heaton et al. 1993; Reitan 1958) . Premorbid intellectual functioning was estimated with the Wechsler Adult Intelligence Scale -Fourth Edition (WAIS-IV) Vocabulary subtest (Wechsler 2008) . For details regarding the specific tests, please refer to Table 2 and our previous publication (Amidi et al. 2015a ).
Neuropsychological change
As in previous prospective studies of TC (Skaali et al. 2011; Wefel et al. 2014) , cognitive change was investigated at an individual level using a standardized regression-based (SRB) approach (McSweeny et al. 1993; Ouimet et al. 2009 ) which, compared with more traditional group-level statistical methods, allows us to take into account important factors such as regression towards the mean, practice effects, and important moderators such as age and premorbid intellectual functioning (Ouimet et al. 2009 ). Furthermore, because cognitive decline is usually only observed in a subset of patients, analysis at the group level tends to obscure important individual differences. Using the HC group as a reference group, follow-up scores for each neuropsychological outcome in this group were regressed on their baseline score, age, and premorbid intellectual functioning. Resulting regression equations were used to predict patients' follow-up scores. Patient's actual follow-up scores were then subtracted from the prediction scores and divided by the standard error of estimate of the HC group. This resulted in individual z-scores indicating directionality and magnitude of change for each neuropsychological test outcome. A global composite score (GCS), reflecting overall cognitive performance across time, was then computed for each patient as the average of all z-scores derived from the SRB approach.
As in previous publications (Ouimet et al. 2009; Skaali et al. 2011 ), significant decline on a given neuropsychological outcome was defined as a z-score ≤ −1.64, while significant improvement was defined as a score ≥1.64. These cut-offs indicated scores that fell in the extreme 5 % at either end of the normal distribution. Overall cognitive decline was defined 
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SD Standard deviation, HC Healthy controls, −CT Surgery-only, +CT Surgery + chemotherapy, WAIS Wechsler Adult Intelligence Scale version 4, DKK Danish kroners, BEP Bleomycin, etoposide, cisplatin; Statistical significance: p < 0.05 (two-tailed) as significant decline on at least two different cognitive tests (Wefel et al. 2011a ). However, because some cognitive domains were represented by two separate tests, only patients with decline on two tests in two separate domains were considered to meet the criterion for overall cognitive decline. Similarly, overall improvement was defined as significant improvement on at least two outcomes in two domains. Proportions of patients with overall cognitive decline or improvement, and decline or improvement on individual outcomes, were compared across treatment groups with Fisher's exact test.
MRI-scan acquisition
MRI data was collected from TC patients only, at baseline and follow-up, using the same 1.5 T scanner (Philips Ingenia) with a 32-channel phased-array head coil. Each scan took 45 minutes and included a diffusion-weighted sequence (not included here), a T1-weighted whole brain 3D-TFE sequence (200 continuous sagittal slices; slice thickness = 1.0 mm; FOV = 256x256 mm 2 ; TR = 7.5 ms; TE = 3.4 ms; flip angle = 8°; matrix = 256x256; voxel size = 1.0 mm isotropic; number of excitations = 2) for voxel-based morphometry (VBM) analyses (Ashburner and Friston 2000) and a fluidattenuated inversion recovery (FLAIR) sequence (22 transverse slices; slice thickness = 5.0 mm; FOV = 352 × 352 mm; TE = 140 ms; TR = 11.000 ms) to search for brain pathology that would imply study exclusion. Care was taken to ensure minimal movement artifacts by securing participants' heads with custom made plastic foam and by visually qualitychecking each individual scan. Two scans evidenced visible motion artifacts and these participants were rescanned immediately.
Voxel-based morphometry
Longitudinal VBM analysis was performed using the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm8/) for the Statistical Parametric Mapping software (SPM8; The Wellcome Trust Centre for Neuroimaging, University College London), which offers a fully automated preprocessing of longitudinal structural images. The processing steps include: (1) calculation of mean images based on realignment of each subjects' two structural scans; (2) correction for signal inhomogeneities with the mean image as reference; (3) estimations of spatial normalization parameters through segmentation of the mean image using partial volume estimation and Dartel; (4) application of the normalization parameters to the segmentations of the bias-corrected images; (5) realignment of the normalized segmentations; and (6) smoothing of realigned and normalized images with an 8 mm full width half maximum Gaussian kernel. A flexible factorial model was used to conduct repeatedmeasures ANCOVA with age as a covariate. To test for group × time interaction, the design matrix was set up with contrast weights for group, time, and their interaction. Within-group longitudinal analyses for each TC group were conducted within the same model. A between-group VBM analysis (−CT vs. +CT, two-sample t-test) at baseline was also performed with age and total intracranial volume (i.e., the sum of white matter, GM, and cerebrospinal fluid) as covariates to test for baseline group differences in brain morphology.
For all of the above VBM analyses, significance thresholds for voxel-wise comparisons were set at p < 0.001, uncorrected with an extent of threshold of 100 voxels. Clusters surviving a family-wise error correction (p < 0.05) were considered significant. Similar approaches have previously been used in studies with cancer patients (Lv et al. 2014; McDonald et al. 2013) .
Region of interest analysis
Region of interest (ROI) analysis was used to investigate possible associations (Pearson's r) between GM reductions and cognitive performance. ROIs were the statistically significant clusters based on the VBM analyses described above. ROI extraction was done with the xjView toolbox (http://www.alivelearn.net/ xjview), and volumetric GM changes in each ROI were calculated using scripts developed for MATLAB (R2013a, MathWorks, Inc., Natick, MA). To reduce the risk of Type I error from multiple testing, our primary ROI analyses investigated correlations between ROIs and overall cognitive performance as captured by the GCS. Secondary exploratory analyses were performed to investigate possible correlations between ROIs and individual neuropsychological outcomes.
Biological specimens
Blood samples were collected from TC patients by venipuncture (non-fasting) for the assessment of various biomarkers (see below). Approximately 10 ml of blood was drawn from each patient between 9.00 AM -2.00 PM at both time points prior to neuropsychological testing.
Immune and endocrine markers
High-sensitivity assessments of inflammatory and endocrine markers included plasma IL-6, TNFα, and CRP, and serum cortisol. Blood samples were processed according to markerspecific procedures and pipetted into appropriate tubes at the Department of Clinical Biochemistry (AUH) and stored at −80°C before being batch analyzed at the Department of Clinical Biochemistry, Gentofte Hospital. Quantification of IL-6 and TNFα was done by ELISA (R&D systems, Abingdon, UK); CRP with Vitros 5.1 FS analyzer (Ortho Clinical Diagnostics, Birkerød, Denmark); and cortisol with ADVIA Centaur CP system (Siemens Healthcare, Ballerup, Denmark). All assessments were done according to the manufacturers' instructions.
For each of the above markers, change values (Δ) for each participant were calculated by subtracting follow-up levels from baseline levels. For each treatment group, correlations between these change variables and overall cognitive performance (GCS) were explored with Pearson's r. A formal test of interaction was then performed for any marker that showed a significant correlation with the GCS. To this end, a multiple linear regression was performed including the predictors: age, group (±CT), the marker of interest, and the mean centered interaction variable (group x marker).
APOE genotyping
Whole blood was collected at baseline in order to determine individual APOE genotypes. DNA extraction and genotyping was performed using the TaqMan® Sample-to-SNP™ Kit, following the protocol provided by the manufacturer, and genotyping was performed on a LightCycler 480 Real-Time PCR system (Roche Applied Science, Mannheim, Germany). Information about APOE genotype was obtained by TaqMangenotyping of the two single nucleotide polymorphisms (SNPs), rs7412 and rs429358, which are the two SNPs responsible for the three isoforms of APOE referred to as APOE ε2, APOE ε3 and APOE ε4. Carriers of either one or two copies of the ε4 allele were classified as APOE ε4 positive. To test for the moderating effect of APOE ε4, a general linear model was used to examine the interaction effect of chemotherapy × APOE status on overall cognitive performance across time (GCS).
Results

Participants
Of 94 eligible patients, a total of 66 patients (total participation rate = 70 %) with TC (seminoma and non-seminoma) at stages I-III agreed to participate at baseline. Of these, 22 patients received chemotherapy, while the remaining 42 did not (participation rates, respectively = 76 % vs. 69 %). There were no statistically significant differences between participating and non-participating patients regarding histology, cancer stage, chemotherapy ordination, occupational status, or age. Of the patients enrolled at baseline, one patient in the -CT group stopped attending his clinic visits and did not respond to our notices and was therefore excluded from the study. Of the initial 66 patients, 65 patients (98.5 %) participated at both assessment time points. The 22 + CT patients were assessed at baseline and 3 months after completing chemotherapy (follow-up), corresponding to an average of 6 months after baseline (SD = 1.6). The 43 -CT patients were tested at a similar interval (Mean = 6 months; SD = 0.8). Longitudinal MRI data was collected from all patients except one patient in the -CT group. For the HC group, 25 men were assessed at similar intervals (Mean = 6 months; SD = 1.0). There were no statistically significant differences between groups for any demographic variables other than age. As expected, patients in the -CT group were older than + CT patients and HCs (p < 0.01), and -CT patients differed from + CT patients with respect to cancer type, stage, and metastatic involvement (p < 0.01). Group characteristics are shown in Table 1 .
Neuropsychological results
The frequencies of impairment and improvement for neuropsychological test outcomes, as defined in 3.2.1, are presented in Table 2 and will be explained in detail below.
TC groups compared with the HC group
Compared with the HC group, the frequency of decline was significantly higher in both TC groups for processing speed (Trail Making Test [TMT] -Part A) (p < 0.05), executive functioning (TMT -Part B) (p < 0.05), attention and working memory (Paced Auditory Serial Addition Test) (p < 0.05), and overall cognitive decline (p < 0.01). Furthermore, compared with the HC group, both TC groups showed decline on verbal learning and memory (Rey Auditory Verbal Learning Test total and retention); however, this only reached significance in the + CT group (p < 0.05). Compared with the HC group, verbal fluency declined in the -CT group (p < 0.05), and a measure of processing speed (WAIS-IV Coding) improved in the + CT group (p < 0.05).
Between-group comparisons of TC groups
There were no differences in the frequencies of domainspecific declines between + CT and -CT patients. However, the frequency of overall cognitive decline from baseline to follow-up was marginally higher (p = 0.07) in the + CT group (63.6 %) than in the -CT group (39.5 %). There were no between-groups differences in improvement on any outcomes.
Voxel-based morphometry
All results from the VBM analyses are presented in Table 3 and described in detail below.
Between-group VBM analyses
At baseline, a single significant between-group cluster was observed in which -CT patients showed greater GM volume compared with the + CT group subcortically in the right caudate. Group × time interaction analysis showed statistically significant GM reductions from baseline to follow-up in the + CT group relative to the -CT group in prefrontal regions including the right paracingulate gyrus (p = 0.02) (Fig. 1) . The inverse contrast revealed no statistically significant reductions in the surgery group from baseline to follow-up relative to the chemotherapy group.
Within-group VBM analyses
In the + CT group, GM reductions were observed in six statistically significant clusters encompassing prefrontal and parieto-frontal regions. Prefrontal reductions, which overlapped with the cluster identified in the interaction analysis, included the right paracingulate gyrus extending to the right frontal pole. Reductions were also observed bilaterally in the central opercular cortex extending into the insula on the left, and to the parietal operculum cortex on the right. Finally, bilateral reductions were observed in clusters including the precentral gyrus and juxtapositional lobule cortex (Fig. 2) .
Statistically significant GM reductions were also observed in the -CT group, pertaining to seven clusters encompassing the parieto-frontal, parieto-occipital, occipital, and subcortical areas. They included the right central opercular cortex extending anteriorly to the frontal operculum cortex, and subcortically into the putamen; bilateral pre-and postcentral gyrus; left lateral occipital cortex extending into the angular gyrus; and the right occipital pole. Subcortical areas also included the right parahippocampal gyrus (Fig. 3) . Consistent with the interaction analysis results, there were no significant reductions in areas pertaining to the paracingulate gyrus in the -CT group.
There were generally no increases in GM from baseline to follow-up with the exception of an increase in a cluster encompassing the right Crus I and II in the cerebellum in the + CT group.
ROI analyses: associations between neuropsychological performance and grey matter reductions
For the +CT group two ROIs were extracted. One ROI was defined as the cluster in the prefrontal cortex that corresponded to the significant cluster observed in the interaction analysis. A second ROI contained all significant clusters from the within-group longitudinal analysis (including the prefrontal cluster) indicating global GM reductions. For the -CT group only one ROI was extracted containing all clusters from the within-group analysis indicating global GM reduction. The GCS showed a moderate negative correlation with prefrontal GM reductions in the + CT group (r = −0.49, p = 0.03; see Fig. 4 ), but not with global GM reductions (r = −0.23, p = 0.33). In the -CT group, there was no association between global GM reductions and GCS (r = −0.09, p = 0.63). Secondary ROI analyses did not reveal any significant correlations between ROIs and individual neuropsychological outcomes in any of the treatment groups.
Associations of cognitive performance and brain morphology with endocrine and inflammatory markers and APOE genotype
Overall cognitive performance, as captured by the GCS, was not associated with changes in any of the following inflammatory or endocrine biomarkers: IL-6, CRP, or cortisol. Only anatomical labels with a likelihood exceeding 5 % are shown for each cluster peak. R. right, L. Left, −CT Surgery-only, +CT Surgery + chemotherapy, MNI Montreal Neurological Institute, FWE Family-wise error
Tumor-necrosis factor alpha
Poorer neuropsychological performance was significantly correlated with increased levels of TNFα in the +CT group (r = 0.46, p = 0.04), but not in the -CT group (r = −0.002, p = 0.99). Results of the regression analysis including age, group, ΔTNFα, and the interaction variable group × ΔTNFα revealed that the model significantly accounted for 23 % of the variability of GCS (p = 0.02). The strongest predictors were age (β = −0.35, p = 0.02) and the interaction variable (β = 0.31), although the latter did not reach statistical significance (p = 0.10). Increase in TNFα levels was not correlated with changes in GM density in either groups.
APOE ε4
APOE genotyping was successfully undertaken in 61 TC patients. Of these, 20 patients (32.8 %) carried at least one ε4 allele. This frequency was similar in both patient groups (−CT = 33.3 %, [n = 13]; +CT = 31.8 %, [n = 7] , p = 0.90).
The results of the age-adjusted ANCOVA revealed a significant interaction effect between APOE ε4 status and chemotherapy (F(1,46) = 4.50, p = 0.03), indicating that carriers of the ε4 allele who received chemotherapy had lower scores on the GCS compared with patients who did not carry the ε4 allele. However, there was no association between APOE ε4 status and changes in GM density. Fig. 1 Results from the betweengroup interaction analyses of grey matter reductions from baseline to follow-up in BEP-treated TC patients (+CT) relative to surgeryonly TC patients (−CT). (P voxelvise < 0.001, k extent = 100; clusterlevel P FWE-corrected < 0.05) Fig. 2 Results of the withingroup analysis of grey matter reductions from baseline to follow-up in BEP-treated TC patients (+CT). (P voxelvise < 0.001, k extent = 100; clusterlevel P FWE-corrected < 0.05)
Discussion
We previously reported data on baseline cognitive impairment in the present TC sample, indicating that an unexpected high proportion of TC patients evidenced cognitive impairment shortly after surgery but before further treatment (Amidi et al. 2015a ). The present results add to this by suggesting that TC patients treated with BEP chemotherapy may exhibit a higher frequency of overall cognitive decline compared with those who did not receive BEP (63.6 % vs. 39.5 % respectively), Fig. 3 Results of the withingroup analyses of grey matter reductions from baseline to Time 2 in surgery-only TC patients (−CT). (P voxel-vise < 0.001, k extent = 100; cluster-level P FWEcorrected < 0.05) Fig. 4 Association between prefrontal grey matter reductions and overall cognitive performance in patients receiving chemotherapy although results did not quite reach statistical significance. We did not observe differences between TC groups on any of the domain-specific outcomes, suggesting that the detrimental effects of BEP on cognition may be more general. Our results support the prospective findings of Wefel et al. (2014) in which 52 % of TC patients who had received 2-3 cycles of chemotherapy evidenced overall cognitive decline at 12 months follow-up compared with a surgery-only group (0 %), but with no evidence of domain-specific declines. However, due to differences in type of TC and heterogeneity in cytotoxic regimens, their findings are not directly comparable to those of the present study. In contrast, Skaali et al. (Skaali et al. 2011) did not observe significant differences in neuropsychological change scores, or in the proportion of men with a significant decline between TC patients receiving multiple-cycles of BEP and those who did not. As we have argued, however, both previous studies used surgery-only TC patients as the control group, which may have confounded their results, as cognitive impairment may be evident in surgery-only patients as well (Amidi et al. 2015a; Wefel et al. 2011b ). This was further corroborated in the present study with a significant proportion of the -CT group also showing cognitive decline over time. Domainspecific cognitive declines were observed in both TC groups relative to controls in the domains of attention and working memory, processing speed, verbal learning and memory, and executive functions. In contrast, decline in verbal fluency was only observed in the -CT group, which could possibly be due to statistical power issues related to group size differences. Domain-specific cognitive improvement was observed in the + CT group on a single measure of processing speed, while a second measure of processing speed indicated decline. Given the overall pattern of decline observed in both TC groups, it seems more likely that the observed improvement is due to random variation. In support of the neuropsychological findings, the VBM analyses revealed both chemotherapy-specific as well as general brain GM reductions. The main VBM analysis revealed a group-by-time interaction with prefrontal GM reductions observed only in the + CT group. This provides the first evidence of prefrontal morphometric changes specifically related to BEP chemotherapy. The prefrontal cortex plays an important role in many higher cognitive functions such as attention, working memory, language, and executive functions (Szczepanski and Knight 2014) with greater volumes associated with better performance (Yuan and Raz 2014) . This was further supported by the ROI analysis revealing that poorer overall cognitive performance was related to greater GM reduction in this region.
Additionally, widespread GM reductions were observed in both TC groups in anatomically overlapping regions related to parieto-frontal areas including the right central opercular cortex and bilaterally in the precentral gyrus. However, these global GM reductions were not associated with overall cognitive performance in either TC group. Surprisingly, reductions in right occipital and subcortical areas were specific to the -CT group. There is evidence linking higher testosterone levels with higher GM volumes in occipital cortex (Lentini et al. 2012) and an explanation of the occipital GM reductions in the -CT group could thus be related to decreased testosterone levels following orchiectomy (Bandak et al. 2011) . Finally, an unexpected increase in GM in the cerebellum of the CT+ group was also observed. While an interpretation of this finding is not straightforward, an increase in cerebellum GM density related to chemotherapy could theoretically be the result of an indirect treatment of subclinical paraneoplastic limbic encephalitis (PLE), which has been associated with cerebellar atrophy and previously observed in men with testicular germ cell tumors (Gultekin et al. 2000) . Interestingly, treatment with cisplatin-based chemotherapy has been shown to be beneficial for the treatment of PLE (Keime-Guibert et al. 1999) .
To our knowledge, this is the first study to show morphological brain changes in TC patients undergoing chemotherapy, and the first to show such changes in the absence of cytotoxic treatment in surgery-treated TC patients. Although cognitive impairment has been observed in TC and other cancer populations without the use of chemotherapy (Amidi et al. 2015a; Lange et al. 2014; Wefel et al. 2011b) , the underlying mechanisms remain unclear. In TC, endocrine disruption following orchiectomy may be of particular relevance and should be included in future studies, given the well-known association between testosterone, the brain, and cognitive functions (Beauchet 2006; Cherrier 2009; Holland et al. 2011 ). Stressreactivity may also play an important role in explaining prechemotherapy cognitive dysfunction (Andreotti et al. 2014; Hermelink et al. 2015) , and in a previous publication of the same TC sample, we reported negative associations between impaired cognitive functions and serum cortisol levels in the TC patients prior to systemic treatment (Amidi et al. 2015a) . In the present prospective study, however, we did not detect an association between changes in cortisol levels and cognitive performance over time. This may suggest that the association between cognitive performance and cortisol is more pronounced around the time of diagnosis and/or surgery due to related stress responses (Hermelink et al. 2015) . Regarding the included inflammatory markers, we did not detect any associations between cognitive performance and IL-6 or CRP. However, our results did reveal that increases in TNFα in the + CT group were associated with poorer cognitive performance. This is consistent with evidence from breast cancer populations (Ganz et al. 2013; Kesler et al. 2013) . In a longitudinal study by Ganz et al. (2013) observed levels of sTNF-RII in breast cancer patients were significantly increased posttreatment. These levels gradually normalized over a 12-month period, and interestingly, changes in self-reported cognitive impairment followed the same normalization pattern of sTNF-RII. These lines of evidence seem to suggest that chemotherapy-related cognitive alterations may partly be mediated by changes in proinflammatory cytokines (Cheung et al. 2013 ). However, our results did not indicate an association between GM changes and TNFα levels, and thus more work is currently needed to clarify the potential mediating role of immune markers in treatment-induced brain changes in the context of testicular cancer.
Our exploratory analyses also revealed that TC patients undergoing chemotherapy who are heterozygous or homozygous for the APOE ε4 allele generally performed more poorly on cognitive tests. Early work by Ahles et al. (Ahles et al. 2003) in long-term breast cancer and lymphoma survivors who had undergone chemotherapy also showed preliminary evidence for the important role of APOE ε4. Survivors carrying at least one APOE ε4 allele scored more poorly on cognitive tests (i.e., visual memory and spatial ability) than those without the ε4 allele. Our findings expand on this research by showing that TC patients carrying the APOE ε4 allele who underwent BEP chemotherapy were more likely to show cognitive decline over time. Similarly, APOE ε4 has been found to be a risk factor for cognitive decline in both healthy and non-cancer clinical populations indicating that the allele may play an important role in brain physiology by increasing the chance of age-related pathological (such as Alzheimer's disease), and non-pathological changes. Given that APOE ε4 is important for normal lipid homeostasis in the brain (Bu 2009; Holtzman et al. 2012) , it has been suggested that the ε4 allele makes the brain less resilient to neurodegenerative processes (Ahles et al. 2003) . It should be noted, however, that changes in brain morphology were not statistically related to APOE ε4 status in our TC population.
Overall, our most robust finding is that TC patients, irrespective of cytostatic treatment, evidence domain-specific, as well as overall cognitive decline compared with HCs. In support of this, we also show widespread reductions in cerebral grey matter in multiple brain regions of both TC treatment groups, although these were not statistically associated with the cognitive outcomes. Furthermore, our study adds to the literature by confirming previous findings indicating that TC patients treated with BEP have a higher frequency of overall cognitive decline (Wefel et al. 2014) . Importantly, we add to the literature by showing a differential GM reduction pattern specifically in prefrontal cortical regions, which was associated with overall cognitive performance in chemotherapy-treated patients. Exploratory analyses revealed that poorer overall cognitive performance was associated with an increase in TNFα levels in the + CT group, and an interaction effect was found between the APOE ε4 genotype and chemotherapy on overall cognitive performance with ε4 carriers performing significantly worse. Future studies are clearly needed to replicate these findings and to further investigate biomarkers of CRCI that may contribute to cognitive and neurological deteriorations in TC patients.
Strengths of the present study include a prospective design with the longitudinal assessment of neuropsychological functioning, brain morphology, and relevant biomarkers. Other strengths include a low attrition rate (1.5 %) and the inclusion of a HC group. However, there are limitations that will need to be addressed in future studies. First, the HC group did not undergo MRI, which prevented us from controlling for possible morphometric changes due to measurement errors and aging. However, given the young age of the patients, and the relatively short time span between assessments, aging effects are expected to be minimal. Second, due to intrinsic differences between the -CT and +CT groups on medical variables such as cancer type, stage, and metastatic involvement, it cannot be ruled out that these variables are confounders of the chemotherapy-specific results. For example, the higher frequency of cognitive decline in the +CT group could statistically be explained by advanced cancer stage. Third, due to unequal group sizes, more statistical power was available to detect within-group brain changes in the -CT group, which could possibly explain the observed reductions in the occipital and subcortical regions in this group. Fourth, because endocrine and inflammatory markers as well as genotypes were only assessed in the two patient groups, we were unable to compare these with the healthy control group. Finally, to test for associations between different markers and cognitive performance, we performed multiple correlation tests. However, due to the dependent and exploratory nature of these analyses, correction for multiple testing was not undertaken and, thus, these results should be interpreted with caution.
Compliance with ethical standards The study was funded by grants from the Danish Cancer Society (R17-A698) and by Savaerksejer Jeppe Juhls og Hustru Ovita Juhls Mindelegat. Lisa M. Wu's was supported by the National Cancer Institute of the National Institutes of Health under Award Number #7K07CA184145-02. Anders D. Børglum and Ditte Demontis were financially supported by The Lundbeck Foundation.
Conflict of interest
The authors declare that they have no conflict of interest.
Informed consent Informed consent was obtained from all individual participants included in the study and performed procedures were in accordance with the ethical standards of The National Committee on Health Research Ethics and with the 1964 Helsinki declaration and its later amendments.
